A novel approach to heterogenisation of catalytic molecules is demonstrated using the nanoscale graphitic step-edges inside hollow graphitised carbon nanofibres (GNFs). The presence of the fullerene C 60 moiety within a fullerene-salen Cu II complex is essential for anchoring the catalyst within the GNF nanoreactor as demonstrated by comparison with the analogous catalyst complex without the fullerene group. The presence of the catalyst at the step-edges of the GNFs is confirmed by high resolution transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX) with UV/Vis spectroscopy demonstrating only negligible (c.a. 3 %) desorption of the fullerene-salen Cu II complex from the GNFs into solution under typical reaction conditions. The catalyst immobilised in GNFs shows good catalytic activity and selectivity towards styrene epoxidation, comparable to the analogous catalyst in solution. Moreover, the fullerene-salen Cu II complex in GNFs demonstrates excellent stability and recyclability as it can be readily separated from the reaction mixture and employed in multiple reaction cycles with minimal loss of activity, which is highly advantageous compared to catalysts not stabilised by the graphitic step-edges that desorb rapidly from GNFs.
Introduction
The ability to separate and recycle the metal catalyst from reaction mixtures without excessive purification steps is crucial for sustainable transition-metal based catalysis. [1] Recyclability of catalysts can be enhanced by heterogenisation of the catalyst molecules, achieved by immobilisation on solid supports. This improves the stability of the molecular catalyst and moreover renders it insoluble in commonly used organic solvents thus offering a straightforward separation of the catalyst from the reaction mixture. [2] Heterogenisation of a molecular catalyst can be achieved by immobilisation on a variety of supports using covalent or non-covalent binding between the catalyst molecules and the support material. The preparation of covalently linked catalysts can be synthetically very demanding, requiring the preparation of non-symmetric ligands bearing functional groups that can form chemical bonds with the support material. [3] On the other hand, non-covalent immobilisation can in principle be achieved more readily, and results in the formation of materials in which the structure and the intrinsic properties of the molecular catalyst are retained. Non-covalent catalyst binding has been achieved in a variety of ways including immobilisation of catalysts on organic and inorganic supports such as polystyrenes and other polymers, [4] silica, [5] mesoporous materials [6] and zeolites, [7] by trapping the catalyst molecules inside porous hosts, [8] and via formation of hydrogen bonds, metal coordination [9] or electrostatic interactions [10] between the catalyst molecule and the support material.
Non-covalent heterogenisation of molecular catalysts also presents several important challenges. Non-covalent interactions are usually reversible resulting in the gradual loss of the catalytic activity upon recycling.
[11] Hence a good anchoring group is required to provide sufficient binding of the catalyst to the surface of the support to afford high stability of the resulting heterogeneous material. Additionally, non-covalent interactions often lower the degree of control over the location of the catalyst molecules on the support surface. Carbon nanostructures such as carbon nanotubes (CNT) and graphite have been used extensively as robust supporting materials for immobilisation of catalysts on both internal and external surfaces and provide excellent stability, thermal and electric conductivity. For example, extended conjugated systems of sp 2 -carbons of CNT and graphite allow catalyst molecules tagged with polyaromatic hydrocarbons such as pyrene to be anchored to the surface using π-π stacking interactions.
[12] However such anchoring is relatively weak, low-directional and is not site specific with the catalyst deposited randomly over the carbon surface.
In this study we report a new methodology for heterogenisation of transition metal catalysts by tagging them with a fullerene group which allows reliable and site-specific anchoring inside graphitised carbon nanofibres (GNF) via strong van der Waals interactions between the fullerene cage and the internal graphitic step-edges of GNFs. The spherical shape and large π-electron system of functionalised C 60 fullerenes is known to have a high affinity for sp 2 - hybridised carbon structures and is an excellent match for the preferential binding at graphitic step-edges rather than the flat terrace of the inner surface of the GNF support. [13] We demonstrate herein that non-covalent immobilisation of a fullerene-tagged [Cu(salen)] catalyst inside GNF nanoreactors can be used to form well-defined heterogeneous catalysts with molecules located in a very distinct, confined environment. These heterogeneous catalysts exhibit enhanced stability and recyclability, whilst retaining the activity and selectivity of the individual catalytic centres.
Experimental Section
Compounds 1 and 2 were synthesised according to the previously reported procedures. 
HRTEM characterisation.
HRTEM imaging was performed using a JEOL 2100F transmission electron microscope (field emission electron gun, information limit 0.19 nm) using an accelerating voltage of 200 kV. TEM specimens were prepared by casting several drops of a methanolic suspension of 1@GNF or 2@GNF onto a nickel TEM specimen grid mounted "lacey" carbon film and dried under a stream of nitrogen. EDX spectra were recorded for isolated nanofibres of 1@GNF or 2@GNF using an Oxford Instruments X-rays detector at 200 kV.
Leaching test.
1@GNF (5 mg, 0.16 mol of Cu complex) or 2@GNF (5 mg, 0.16 mol of Cu complex) was immersed in MeCN (4 mL) and heated to 50 C in a sealed UV/Vis cell, and absorption spectra of the resulting solution were measured every 10 min.
Styrene epoxidation.
The catalyst ( 
Leaching test under catalytic conditions.
The catalyst (1@GNF, 2.5 mg, 0.08 mol or 2@GNF, 2.5 mg, 0.08 mol) was suspended in MeCN (0.5 mL) containing styrene (26 mg, 0.25 mmol), and in some cases solution of t BuOOH in nonane (5.5 M, 0.13 mL, 1.5 mmol) was added. The reaction mixture was heated to 80 C for 7 h, and filtered hot to remove the insoluble materials. The filtrate was then diluted to 5 mL and analysed using UV/Vis spectroscopy.
Recyclability test.
Styrene epoxidation was performed as described above. After heating the reaction mixture to 80 C for 7 h the reaction mixture was allowed to cool to room temperature, the catalyst was removed by filtration, washed extensively with cold CH 3 CN (20 mL) and dried under vacuum for 20 h. The resulting material was then used in the next catalytic cycle.
Results and Discussion
Transition metal complexes of salen derivatives are established as highly successful and versatile catalysts. The scope of reactions catalysed by metal-salen complexes is extremely wide and includes carbon-carbon bond formation, heteroatom-heteroatom bond formation and carbon-heteroatom bond formation reactions. [14] We have synthesised the fullerenetagged Cu(II) salen complex 1 ( Figure 1 ) in six steps according to our recently reported procedure. [15] The analogous fullerene-free complex 2 was prepared for comparison.
[Cu(II)(salen)] complexes are known to catalyse epoxidation reactions of alkenes, and it has been demonstrated previously that a slight enhancement of the catalytic activity of the transition metal complex is observed upon addition of the fullerene cage due to the electron withdrawing nature of the carbon cage.
[15] Immobilisation and encapsulation of fullerene-containing molecules inside single-, doubleand multi-walled carbon nanotubes has been extensively studied and the procedure to achieve high filling yields is now well-established. [16] In contrast, GNF have not been used widely for fullerene encapsulation due to their very wide internal diameters (50-70 nm). However, the structure of GNF consists of stacked truncated cones of graphite layers and this creates sequence of step-edges (Figure 2a ) which are ideally suited to accommodate catalyst molecules. Indeed, it has been demonstrated previously for various metal nanoparticles that guest species are located predominantly on these step-edge sites. [17, 18, 19] Furthermore, the diameters of GNFs are sufficiently large to minimise diffusion resistance of the reactant and product molecules to and from the catalytic centres. by HR-TEM and although fullerene-free molecules were not resolved in the micrograph, the presence of the copper containing species was also confirmed by EDX.
This procedure enables deposition of the molecules predominantly on the inside of the GNF,
and also enables precise control of the total amount of catalyst loaded into the GNF support.
The catalyst loading in both 1@GNF and 2@GNF was 0.03 mmol of copper salen catalyst per gram of GNF which is comparable to similar immobilised metal catalysts in CNTs attached using either covalent [20, 21, 22] or non-covalent bonding. [23, 24] Table S1 . This activity and selectivity is comparable with the majority of catalytic systems reported before for styrene epoxidation (see Table S2 ). The formation of e, which is a product of rearrangement of epoxide b, depends on the amount of epoxide in the reaction mixture.
However, it is always a minor product and the total yield of e only reaches a maximum of ~10 %. The yield and the rate of the reaction catalysed by fullerene-containing complex 1 is slightly higher than the reaction catalysed by fullerene-free complex 2 (green and orange curves respectively in Figure 4) . This is the result of the electron withdrawing effect of the fullerene cage depleting the electron density on the Cu II centre and promoting its catalytic activity, consistent with previous observations. These trends are further supported by the UV/Vis spectroscopy measurements of the reaction mixtures under catalytic conditions. Leaching tests were carried out in the absence of t BuOOH to simplify quantitative measurements (see SI for details), but in otherwise identical conditions to the catalytic reaction, and these confirm that the majority of the catalyst is leached out of 2@GNF into solution as a result of only weak interactions between 2 and the GNF. In contrast, 97 % of molecules of 1 are retained on GNF ( Figure S5 and Table S3 ).
To highlight the excellent stability of this heterogeneous catalytic system formed using noncovalent interactions between the fullerene-tagged 1 and GNF, we studied the recyclability of 1@GNF over a number of repeat catalytic cycles. We tested the performance of 1@GNF and 
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